INTRODUCTION
============

Nonspecific endonucleases are a group of enzymes capable of degrading DNA and/or RNA molecules without sequence specificity. They participate in many cellular processes, including DNA digestion in nucleotide salvage pathways ([@b1]), DNA fragmentation during cell apoptosis ([@b2]), nucleotide deletion in DNA repair ([@b3]), mRNA turnover in transcription regulation ([@b4]) and mRNA degradation in gene silencing ([@b5],[@b6]). In contrast to site-specific endonucleases, such as restriction enzymes which cleave DNA only at specificsites, nonspecific endonucleases cleave phosphodiester linkages at many positions along the DNA/RNA chain but cleavage efficiencies vary between different sites. Although the sequence-dependent cleavage preference of nonspecific endonucleases has been noticed for decades, the molecular basis for the selectivity of preferred cleavage sites remains elusive.

Early studies showed that DNase I cleaved the P-O3′ bond of a double-stranded DNA with a preference for cleavage at the 5′-side of T residues in alternating poly(AT) sequences and it was suspected that the varied twist angles between base pairs contributed to its different cleavage rates ([@b7],[@b8]). DNA footprint assays further identified a global component in DNase I digestion patterns that the two strands of a duplex DNA were cleaved at a correlated rate even though DNase I cleaved one strand at a time ([@b9]). DNA groove width and flexibility were thus suggested to account for the global variation that DNA with narrower grooves and stiffer conformation was a poorer substrate for DNase I. However, in addition to the global component, a local unknown variation was also suggested to be an important determinant in cleavage since DNA groove width and helix flexibility are slowly changing parameters which cannot explain the drastic difference in cleavage rates by DNase I of neighboring nucleotides. The suggestion of a global determinant for cleavage preference was latter supported by the crystal structure of DNase I in complex with a cleaved DNA which showed an exposed loop binds at the widened minor groove in the bent DNA, suggesting that a more flexible DNA with an easily widened minor groove is likely to be more accessible for cleavage ([@b10],[@b11]).

Further crystal structure analysis of DNase I in complex with an uncleaved octamer DNA seemed to support the hypothesis that the high twist angles between the alternating pyrimidine--purine sequences may lead to the pronounced preference of DNase I for cutting 5′ to pyrimidine residues in alternating pyrimidine--purine sequences ([@b12]). More comprehensive sequence analysis of the DNase I cleavage sites showed a preferred sequence of RRATY-Y ([@b13]) and *A*Y*A*-*A*VN ([@b14]) (-, cleavage site; *A*, A or T; R, purine; Y, pyrimidine; V, not-T; N, any bases). Several other nonspecific endonucleases show different sequence preferences: DNase II avoids pyrimidine--purine steps ([@b9]); *Serratia* nuclease and NucA prefer GC-rich regions and avoid cleavage of poly(A) and poly(T) tracts in dsDNA ([@b15],[@b16]); the nuclease domain of ColE9 cleaves tracts of GC poorly and has a preference for cleaving at the 3′O-side of thymine of the *tyrT* promoter ([@b17]); the apoptotic endonuclease DFF40/CAD prefers purine/pyrimidine blocks with rotational symmetry whereas EndoG preferentially attacks DNA 5′ of G residues ([@b2],[@b18]); human topoisomerase I prefers to cleave between AT-N and TT-N steps ([@b19]). In summary, it is generally believed that nonspecific endonucleases are sensitive to global features of DNA, such as the width of minor groove ([@b9]) and stiffness of DNA ([@b20]). In addition, local sequence-dependent interactions between nucleases and DNA may contribute a second-level determinant for cleavage preference ([@b14],[@b15]). However it has remained unclear what kind of structural feature underlying in DNA is recognized by these enzymes.

We used two endonucleases ColE7 and Vvn to re-visit the unresolved question, of what are the local structural variations in DNA that are recognized by nonspecific endonucleases and thus to determine DNA cleavage preference. ColE7 is an *Escherichia coli* released toxin containing an endonuclease domain, capable of digesting DNA and RNA in sensitive bacteria cells to induce cell death ([@b21],[@b22]). Vvn is a *Vibrio vulnificus* endonuclease which digests nucleic acid molecules in the periplasm to prevent the cell from uptake foreign DNA during transformation ([@b23],[@b24]). Both nucleases cleave the P-O3′ bond nonspecifically in single-stranded and double-stranded DNA and RNA molecules ([@b25]). The endonuclease domain of ColE7 (referred to N-ColE7 hereafter) contains an H-N-H motif which has been identified in hundreds of homing endonucleases, restriction and DNA repair enzymes ([@b26]--[@b29]). Crystal structures of N-ColE7 in free form ([@b30]), in complex with its protein inhibitor Im7 ([@b31]), in complex with an 8 bp DNA without metal ions ([@b22]) and in complex with a 12 bp DNA with a metal ion ([@b32]) have been reported previously. These structures elucidate the enzyme inhibition and activation mechanisms and show that the H-N-H motif, folded in a ββα-metal finger structure ([@b33]--[@b35]), binds DNA at the minor groove. Vvn shares no sequence identity to ColE7, but it also contains an endonuclease active site folded in a similar ββα-metal finger structure. The crystal structure of Vvn in complex with an 8 bp DNA shows that the metal finger motif is bound to the minor groove of DNA and that Vvn interacts with DNA primarily at the phosphate backbone ([@b24]). Since the sequence cleavage preferences of ColE7 and Vvn were not known before this study, it was intriguing to find out whether these two enzymes with structural but no sequence homology at their respective active sites cleave DNA with a similar preference.

Here we report not only the sequence cleavage preferences of N-ColE7 and Vvn, but also the crystal structures of the mutated N-ColE7 (H545Q) and Vvn (H80A) in complex with an 18 bp and a 16 bp DNA, respectively. Based on the comparison of the cleavage preferences and enzyme--DNA complex structures, a structural basis is suggested to explain the sequence-dependent cleavage preference of nonspecific endonucleases. For the first time, a distorted DNA backbone, but not base pair stacking parameters, has been identified to be the general local determinant recognized by nonspecific endonucleases for the more efficient phosphodiester bond cleavage.

MATERIALS AND METHODS
=====================

Protein expression and purification
-----------------------------------

The nuclease-ColE7 mutant H545Q and Im7 proteins were expressed using the vector pQE70 (Qiagen) in *E.coli* M15 as described earlier ([@b32]). The protein complex was first purified by Ni-NTA affinity column (Qiagen, Germany) since the constructed Im7 contained a C-terminal six-histidine affinity tag. The complex was then separated by lowering the pH from 8 to 3 and the N-ColE7 was further purified by chromatographic methods using a Sepharose-SP (Pharmacia) and a heparin column (HiTrap SP; Pharmacia). The free N-ColE7 H545Q mutant containing residues 444--576 was then dialyzed three times in solutions containing 10% glycerol, 1--2 mM ZnCl~2~ and 20--50 mM Tris--HCl (pH 7.5). The molecular mass as measured by mass spectroscopy for mutant H545Q was 15 724 Da (calculated mass: 15 721.0).

DNA footprinting
----------------

The plasmid pQE30 was isolated from a culture of *E.coli* and used as a template for the PCR amplification of the 260 bp DNA fragments. Two pairs of 5′-^32^P-labeled forward and reverse primers were used to amplify the DNA fragments from the multiple cloning site region in pQE30. The PCR products were then purified using 0.1% agarose gel and a Gel-M™ Gel Extraction Kit (Viogene). The cleavage reaction was carried out by mixing 0.7 μM 260 bp DNA with 4 μM N-ColE7 (or 600 nM Vvn) in a buffer containing 20 mM Tris--HCl (pH 8) and 2 mM Mg^2+^ at 37°C for 5 min. The reactions were terminated by adding 10 mM EDTA, followed by addition of loading dye (10 mM NaOH, 95% formamide, 0.05% bromophenol blue and 0.05% xylene cyanol). The digested DNA fragments were heated to 70°C for 5 min and separated in 8% denaturing polyacrylamide gels with the sequencing reactions carried out alongside. The autoradiographs were visualized and the band intensities were measured on a phosphorimager (AlphaImage 2200).

N-ColE7-DNA crystallization, data collection and structural determination
-------------------------------------------------------------------------

The protein--DNA complex was prepared by mixing the zinc-containing N-ColE7 mutant H545Q (∼8 mg/ml) with an equal molar of double-stranded DNA having a sequence of 5′-GGAATTCGATCGAATTCC-3′. Complex crystals suitable for X-ray analysis were obtained by the hanging drop vapor diffusion method by mixing 1 μl complex solution and 1 μl reservoir solution consisting of 40% MPD, 0.4 M ammonium formate and 0.1 M acetate buffer (pH4.8) at room temperature. The N-ColE7--DNA complex crystallized in a tetragonal P4~1~2~1~2 unit cell with one protein--DNA complex per asymmetric unit. X-ray diffraction data were collected at the NW12 beamline of the Photon Factory, KEK (Tsukuba, Japan) using a Quantum 210 CCD detector (ADSC, CA, USA) at −160°C.

The structure of the N-ColE7--DNA(18 bp) complex was solved by molecular replacement using the structure of N-ColE7 in complex with 8 bp DNA (PDB entry: 1PT3) as the searching model by CNS ([@b36]). The final complex model contained one N-ColE7 molecule, one duplex DNA and 95 water molecules. All the diffraction and refinement statistics are listed in [Table 1](#tbl1){ref-type="table"}. Atomic coordinates have been deposited in the PDB with accession codes of 2IVH for the N-ColE7--DNA(18 bp) complex.

###### 

Diffraction and refinement statistics for N-ColE7-DNA(18 bp) and Vvn--DNA(16 bp) complexes

                                      N-ColE7--DNA (18 bp)   Vvn--DNA(16 bp)
  ----------------------------------- ---------------------- ------------------------------
  Data collection and processing                             
      Space group                     P4~1~2~1~2             P1
      Cell dimensions (Å)             a = 106.8, c = 60.2    a = 64.6, b = 64.7, c = 79.2
       Cell dimensions (deg)                                 α = 74.5, β = 73.6, γ = 75.6
      Resolution (Å)                  2.8                    2.9
      Observed reflections            97 181                 95 233
      Unique reflections              9047                   25 598
      Completeness---all data (%)     99.6 (50.0--2.8 Å)     98.5 (40.0--2.9 Å)
      Completeness---last shell (%)   99.9 (2.9--2.8 Å)      97.2 (3.0--2.9 Å)
      *R*~sym~ ^a^---all data (%)     7.9                    7.5
      *R*~sym~ ^a^---last shell (%)   35.6                   29.9
      *I*/σ*(I)*, all data            31.7 (50.0--2.8 Å)     17.5 (40.0--2.9 Å)
      *I*/σ*(I)*, last shell          4.0 (2.9--2.8 Å)       3.3 (3.0--2.9 Å)
  Refinement                                                 
      Resolution range (Å)            50.0--2.8              50.0--2.9
      Reflections (work/test)         7835/919               22 675/1922
      *R*-factor/*R*-free (%)^b^      19.4/26.3              23.6/28.6
      Non-hydrogen atoms                                     
          Protein                     1006                   6902
          DNA                         731                    1868
          Ion                         1                      0
          Solvent molecules           95                     113
  Model quality                                              
      r.m.s.d. values in                                     
          bond lengths (Å)            0.0064                 0.0091
          bond angles (deg)           1.04                   1.49
      Average B-factor  (Å^2^)        46.1                   58.8
          Protein atoms               35.9                   54.2
          DNA atoms                   55.5                   73.7
          Solvent atoms               39.4                   37.2
          Zn                          18.5                   

^a^*R*~sym~ = Σ*~hkl~*Σ~i~\|I~i~(*hkl*) − \<*I*(*hkl*)\>\|/*I~i~*(*hkl*).

^b^*R*-factor = Σ~hkl~\|\|*F*~o~(hkl)\| − \|*F*~c~(hkl)\|\|/Σ~hkl~ *F*~o~(h).

Vvn--DNA crystallization, data collection and structural determination
----------------------------------------------------------------------

The Vvn mutant H80A was expressed and purified as described earlier ([@b24]). A protein--DNA solution (8.5 mg/ml) was prepared by mixing the 16 bp palindromic DNA (5′-GAATTCGATCGAATTC-3′) with Vvn--H80A in a one-to-one molar ratio and the complex crystals were grown by the hanging drop vapor diffusion method. The protein--DNA solution (1 μl) was mixed with reservoir solution (1 μl) containing 20% PEG3350 and 0.2 M di-sodium tartrate dehydrate and the crystals of Vvn-H80A--DNA were grown to a suitable size after one month at room temperature. Crystals were transferred into cryo-protecting buffer (reservoir supplemented with 10% PEG8000 and 20% glycerol) and flash-cooled for data collection.

The Vvn/DNA complex crystallized in a triclinic P1 unit cell with four Vvn and three DNA per cell. Diffraction data were collected at the NW12 beamline of the Photon Factory, KEK (Tsukuba, Japan) and processed by HKL2000. The structure was solved by molecular replacement using the Vvn molecule (PDB entry: 1OUP) as the searching model by the MolRep program in CCP4 suite. The final structural model contained four Vvn, three duplex DNA and 113 water molecules. The diffraction and final refinement statistics are listed in [Table 1](#tbl1){ref-type="table"}. Atomic coordinates for the Vvn--DNA(16 bp) complex have an accession code of 2IVK in the PDB.

RESULTS
=======

Sequence-dependent DNA cleavage by ColE7 and Vvn
------------------------------------------------

To find out the sequence cleavage preference of ColE7, 5′-^32^P-labeled 260 bp DNA fragments (0.7 μM) were PCR-amplified from the multiple cloning site region of pQE30 plasmids. The Zn^2+^-bound nuclease domain of ColE7 and Vvn were incubated, respectively, with the 260 bp DNA in the presence of 2 mM Mg^2+^, pH 8, and the resultant digested DNA fragments were resolved by gel electrophoresis ([Figure 1](#fig1){ref-type="fig"}). N-ColE7 cleaved double-stranded DNA with a preference at the 3′O-side (after) of T and A residues with an order of T (41.2%) \> A (29.5%) \> C (17.1%) \> G (12.2%). The cleavage percentages were calculated by first integrating each cleavage band in the autoradiograph by a phosphorimager and then the band intensities were normalized by calculating the summation of *I*~base~/*N*~base~ divided by the summation of *I*~all~, in which *I*~base~ is the band intensity cleaved at a specific base (A, T, C or G), *I*~all~ is the band intensity cleaved at all bases and *N*~base~ is the number of a specific base in the DNA. A preference for cleavage after thymine for ColE7 is a similar feature to that of the homologous ColE9 which cleaves *tyr*T promoter sequence with \>50% sites after T ([@b17]).

![Sequence-dependent DNA cleavage by ColE7 and Vvn. (**A**) The 5′-^32^P-labeled PCR-amplified 260 bp DNA fragments (0.7 μM) were incubated respectively with 4 μM Zn^2+^-bound N-ColE7 and 30 nM Vvn in the presence of 2 mM Mg^2+^ and 20 mM Tris--HCl buffer (pH 8) at 37°C for 5 min. The reaction was terminated by adding 10 mM EDTA. The cleaved products were separated by gel electrophoresis in 8% denaturing polyacrylamide gel with the sequencing reactions carried out alongside. Only one representative DNA digestion patterns by N-ColE7 (top strand) and Vvn (bottom strand) are shown here. (**B**) The sequences of top strand and bottom strand DNA used for footprint assays are listed. The DNA cleavage sites by N-ColE7 are indicated by arrows. The solid arrows show the cleavage of the 3′O-P bond with a thymidine at the 3′O-side of the scissile phosphate. A schematic diagram shows DNA cleavage by N-ColE7 with the preference for the base at the 3′O-side of the scissile phosphate: T (41.2%) \> A (29.5%) \> C (17.1%) \> G (12.2%). Vvn is less specific in DNA cleavage with an order of A (30.7%) \> G (23.2%) \> C (27.8%) \> T (18.3%). The cleavage percentage was estimated by first integrating each cleavage band in the autoradiography and normalized by calculating the summation of *I*~base~/*N*~base~ divided by the summation of *I*~all~, in which *I*~base~ is the band intensity cleaved at a specific base (A, T, C or G), *I*~all~ is the band intensity cleaved at all bases and *N*~base~ is the number of a specific base in the DNA.](gkl621f1){#fig1}

In contrast to ColE7 which cleaved at about one-third of the sites, Vvn cleaved DNA at almost every site. Therefore Vvn had little sequence preference for DNA cleavage with an order of A (30.7%) \> C (27.8%) \> G (23.2%) \> T (18.3%). Different metal ion cofactors (Mn^2+^ and Ca^2+^) were used with Vvn in similar cleavage experiments (data not shown), but the cleavage patterns were almost identical to those obtained from Mg^2+^, indicating that metal ion cofactors did not play a determinant role in sequence-dependent cleavage by Vvn.

Crystal structure of H545Q N-ColE7 bound with an 18 bp DNA
----------------------------------------------------------

Previous structural studies had revealed two N-ColE7--DNA complex structures, both of which contained a guanine immediately before the cleavage site (GC*G*-ATCGC and CGG*G*-ATATCCCG, hyphen indicates the cleavage site) ([@b22],[@b32]). Since these sites were the least preferred cleavage sites for N-ColE7, it was therefore intriguing to find out what would happen if N-ColE7 bound to its preferred sequences, with an A or T before the cleavage site. Hence, we carried out co-crystallization experiments mixing inactive N-ColE7 mutants, H545Q or H545E, with different lengths and sequences of DNA in the presence of metal ion cofactors. His545 functions as the general base, activating a water molecule to attack the scissile phosphate in DNA hydrolysis ([@b32]). H545Q contained a little residual endonuclease activity whereas H545E, which had been co-crystallized previously with a 12 bp DNA in the presence of Zn^2+^ ([@b32]), did not possess any detectable endonuclease activity. The zinc-containing N-ColE7 mutant H545Q was then successfully co-crystallized with an 18 bp DNA in a tetragonal P4~1~2~1~2 unit cell, with one protein and one duplex DNA per asymmetric unit. The structure was solved by molecular replacement, using the N-ColE7--DNA(8 bp) structure (PDB entry: 1PT3) as the searching model. The final model contained one protein molecule (residues 449--550 and 555--576), a duplex DNA and 95 water molecules with R-factor/R-free of 19.4/26.3% for 7835/919 reflections at a resolution of 2.8 Å. The omit difference maps at the enzyme active site revealed that the scissile phosphate to be directly coordinated to Zn^2+^ ([Figure 2](#fig2){ref-type="fig"}).

![Stereo view of the electron density map of N-ColE7--DNA (18 bp) complex at active site. The omit map (*F*~o~ − *F*~c~) contoured at 2.5 σ was calculated after omitting the active site atoms in the refinement model. The electron density of the mutated residue H545→Q and zinc ion can be clearly visualized. The scissile phosphate between T10 and C11 is coordinated to the zinc ion.](gkl621f2){#fig2}

The DNA sequence in the N-ColE7--DNA(18 bp) complex structure was 5′-GGAATTCGA*T*-CGAATTCC-3′ (hyphen indicates the cleavage site) with the scissile phosphate located between T10 and C11, so this was a preferred cleavage site for N-ColE7 (referred to 'preferred complex' hereafter). The overall structure of the preferred complex is shown in [Figure 3](#fig3){ref-type="fig"}. The 18 bp DNA was bound with one protein molecule and it did not form a continuous duplex in the crystal. The H-N-H metal finger motif was bound to the minor groove of DNA, inducing DNA to bend ∼54° \[calculated by Curve ([@b37])\] away from the enzyme. Smaller angles of bend have been observed in the non-preferred complexes, with an average of 9° in N-ColE7--DNA(8 bp) ([@b22]) and 19° in N-ColE7--DNA(12 bp) ([@b32]) complexes. However, the larger bending angle observed here for the 18 bp DNA was likely due to the longer DNA being used for the bending angle calculation. The 18 bp DNA in the complex bent in a similar way to the DNA in the 8 and 12 bp complexes (Discussion). The detailed interactions between N-ColE7 and DNA in the preferred and non-preferred complexes are schematically shown in [Figure 3B](#fig3){ref-type="fig"}. Most of the interactions are between protein side-chains and DNA phosphate backbones. The protein--DNA interaction patterns in the preferred complex are almost identical to those of the non-preferred complexes. The buried solvent accessible surfaces between protein and DNA are 1590 Å^2^ in the preferred complex (18 bp), 1933 Å^2^ (12 bp) and 1460 Å^2^ (8 bp) in the non-preferred complexes. Therefore, the preferred complex of N-ColE7--DNA(18 bp) does not contain a larger protein--DNA interface than those of non-preferred complexes.

![Overall structure of N-ColE7--DNA (18 bp) complex. (**A**) Two N-ColE7 molecules and two 18 bp DNA are packed in a perpendicular orientation in the crystal. The metal finger motifs, displayed in red, are bound to the minor groove of DNA. (**B**) The schematic diagrams for the contacts between N-ColE7 and DNA in the crystal structures of non-preferred \[8 bp: 1PT3 ([@b22]) and 12 bp: 1ZNS ([@b32])\] and preferred complexes (18 bp: 2IVH, this study). Hydrogen bonds and van der Waals contacts within 3.35 Å between N-ColE7 and DNA are indicated by dotted blue and red lines, respectively.](gkl621f3){#fig3}

Crystal structure of Vvn bound with a 16 bp DNA
-----------------------------------------------

Vvn mutant H80A was co-crystallized previously with an 8 bp DNA with a sequence of GCGAT*C*-GC (hyphen indicates cleavage site) ([@b24]). Here we further co-crystallized Vvn with a 16 bp DNA with a sequence of GAATTCGATC*G*-AATTC. This Vvn--DNA complex was crystallized in a triclinic P1 unit cell, containing four Vvn and three 16 bp duplex DNA molecules per asymmetric unit. The crystal structure was solved by molecular replacement using Vvn (PDB entry: 1OUP) as the searching model. The final structural model had R-factor/R-free of 23.6/28.6 for 22 675/1922 reflections at a resolution of 2.9 Å.

The overall structure of Vvn--DNA(16 bp) complexes of one asymmetric unit is shown in [Figure 4A](#fig4){ref-type="fig"}. Three DNA molecules were packed linearly with two Vvn (molecules A and D) bound to a single DNA molecule, respectively, and the other two Vvn (molecules B and C) bound between the junctions of two DNA molecules. The two Vvn molecules, A and D, were related to each other by a non-crystallographic 2-fold symmetry; therefore, their binding modes to DNA were similar. For clarity, only one of the Vvn--DNA complexes (molecule A) was used for further structural analysis and comparison.

![Overall structure of Vvn--DNA (16 bp) complex. (**A**) Four Vvn (A to D) and three double-stranded 16 bp DNA molecules (E-F, I-J and G-H) in one asymmetric unit in the crystal are displayed in different colors. Two Vvn (A and D) are bound to a single DNA, respectively, and the other two Vvn molecules (B and C) are bound in the junctions of two DNA duplexes. (**B**) The schematic diagrams for the contacts between Vvn (molecule A) and DNA (E-F). Hydrogen bonds and van der Waals contacts within 3.35 Å are indicated by dotted blue and red lines, respectively.](gkl621f4){#fig4}

In the Vvn--DNA(16 bp) complex, the scissile phosphate was located between the G-A step, and therefore different from the C-G step in the 8mer complex. Vvn was bound to the minor groove of the 16 bp DNA, in a way similar to the binding mode found previously in the Vvn--DNA(8 bp) complex ([@b24]). The minor groove was also slightly widened and the DNA was bent ∼40.3° away from the enzyme. The detailed interactions between Vvn and 16 bp DNA are shown in [Figure 4B](#fig4){ref-type="fig"}, with most contacts on the DNA phosphate backbones, in a way similar to what was found previously in the 8mer complex ([@b24]). The buried protein--DNA interfaces are 1478 Å^2^ in Vvn--DNA(16 bp) complex and 1017 Å^2^ in Vvn--DNA(8 bp) complex. In summary, although the sequences of 16 and 8 bp DNA are different, the protein--DNA interaction modes in the two complexes are similar.

DISCUSSION
==========

Structural basis for cleavage preference
----------------------------------------

The overall structural comparison between the three ColE7--DNA complexes shows that ColE7 interacts with either preferred or non-preferred sites in a similar way and no obvious difference can be identified to explain its sequence-dependent cleavage preference. Moreover, the two Vvn/DNA complexes also look alike, with similar binding modes and interaction patterns between Vvn and DNA. Are there any other unnoticed structural features that are local determinants for the enzyme to cleave DNA at distinct rates? To find any local structural differences, the three available N-ColE7/DNA complexes, two non-preferred and one preferred complexes were superimposed by fitting only the N-ColE7 molecules in the complexes ([Figure 5](#fig5){ref-type="fig"}). The three DNA duplexes, 8, 12 and 18 bp, were lined up after the fitting and revealed similar overall bending structures. The minor grooves were all open to a similar width, from 6 Å (in a straight B-form DNA) to ∼9 Å ([Figure 6B](#fig6){ref-type="fig"}). However, a closer examination revealed that the phosphate backbones near the metal finger active site were shifted to different positions in the three complexes ([Figure 5A](#fig5){ref-type="fig"}). The phosphate backbone in the preferred complex with a thymine before the scissile phosphate, shifted the most toward the enzyme active site. The DNA backbones are shifted the most at the phosphate one step before the scissile phosphate, with a shifted distance of 3.0 Å between the two phosphorous atoms in 8mer (P4) and 18mer (P11) complexes, and 1.72 Å between the ones in 12mer (P5) and 18mer (P11) complexes. The backbones in the non-preferred complexes with a guanine residue before the scissile phosphate were located further away from the active site. The difference in the phosphate backbone distortion led to a closer Zn-P distance of 2.95 Å between the zinc ion and the scissile phosphate in the preferred complex, and longer distances of 3.18 Å (12mer) and 3.72 Å (8mer) in the non-preferred complexes. This result suggests that a DNA backbone that can be deformed more easily by the endonuclease is cleaved more efficiently.

![Superposition of three N-ColE7--DNA complexes and two Vvn--DNA complexes. (**A**) The crystal structures of the three N-ColE7--DNA complexes, the preferred complex (18 bp: 2IVH) and the non-preferred complexes (8 bp: 1PT3 and 12 bp: 1ZNS), were superimposed by least-square-fitting of the Cα-atoms of N-ColE7 molecules. The three duplex DNA were aligned after fitting with the metal finger motif (displayed in red) bound at the minor groove, inducing DNA to bend slightly away from the enzyme. The DNA backbones are displayed in yellow for the 18 bp DNA, gray for 12 bp DNA and green for 8 bp DNA, but the backbone ribbons of the scissile phosphates are all displayed in orange. A detailed view of the phosphate backbones is shown in the right panel. The DNA backbone is distorted the most in the preferred complex with a thymine base (T10) located at the 3′-O side of the scissile phosphate as compared to the backbones in the non-preferred complexes, which contain a guanine base before the scissile phosphates (G4 in the 12 bp complex and G3 in the 8 bp complex). (**B**) Superposition of the active sites in the three N-ColE7--DNA complexes shows that the scissile phosphate is located closer to the endonuclease active site in the preferred complex (18 bp) with a distance of 2.95 Å between the zinc ion and phosphorus atom. (**C**) The crystal structures of Vvn--DNA complexes, 8 bp (PDB: 1OUP) and 16 bp (this study, PDB: 2IVK) complexes, were superimposed by a least-square-fit of the Cα atoms in Vvn. The DNA backbones fitted well and were not distorted, consistent with Vvn\'s low sequence-dependent endonuclease activity. Vvn are displayed in blue with metal finger motifs in red. The 16 bp DNA is displayed in green and 8 bp DNA is displayed in yellow.](gkl621f5){#fig5}

![The transitions in α and γ dihedral angles before and after the cleavage site result in a larger DNA backbone conformational change in the preferred complex of N-ColE7--DNA (18 bp) upon enzyme binding to DNA. (**A**) Stereo view of the superimposed DNA in the three N-ColE7--DNA complexes shows that a larger phosphate backbone conformational change observed only in the preferred complex is resulted from the transitions in α and γ dihedral angles upon the enzyme binding to the preferred DNA site. The phosphate backbones are shown in green for the 8 bp DNA, gray for the 12 bp DNA and yellow for the 18 bp DNA; only the bases of A9, T10 and C11 in the 18 bp DNA are shown. The transitions in α and γ dihedral angles before the cleavage site in the preferred 18 bp complex are marked by circled arrows. (**B**) The minor groove widths in the three complexes (8 bp: 1PT3, 12 bp: 1ZNS and 18 bp: 2IVH) are all widened to ∼9 Å as compared to a canonical B-form DNA. The base pair opening angles are slightly higher in the widened minor groove regions in the preferred complex (18 bp) than those of the non-preferred complexes (8 and 12 bp). (**C**) The α and γ dihedral angles immediately before and after the cleavage site have non-canonical values only in the preferred 18 bp complex (marked by arrows in the figure). The α/γ before the cleavage site are 39.4°/−89.4° for 18 bp complex, −61.9/59.1° for 12 bp complex and −56.6/46.0° for 8 bp complex. The transitions in α and γ upon protein binding to the preferred site lead to the DNA backbone conformational change observed in the preferred complex.](gkl621f6){#fig6}

However, why can some specific sequences of DNA be distorted by ColE7 more easily than others? We compared all the base pair stacking parameters and DNA phosphate backbone dihedral angles in N-ColE7--DNA complexes and found that it was the α and γ dihedral angles that varied most significantly between the preferred and non-preferred ColE7--DNA complexes ([Figure 6](#fig6){ref-type="fig"}). Compared to a canonical B-form DNA with α/γ of −60/49° ([@b38]), the α/γ dihedral angles were all shifted to non-canonical values of ∼100/−100° after the cleavage site in the three N-ColE7--DNA complexes. However, the α/γ before the cleavage sites were within canonical values of −61.9°/59.1° (12mer) and −56.6/46.0° (8mer) in the non-preferred complexes but shifted to non-canonical values of 39.4°/−89.4° only in the preferred complex (18mer). The transitions in α and γ before and after the cleavage site resulted in a larger DNA backbone conformational change in the preferred complex upon enzyme binding to DNA. These unusual α/γ states have been observed only in B-DNA complexed to proteins and thus has been suggested to play a role in the fine structural adjustment during protein--DNA complexation ([@b39]). We found that the preferred complex had slightly larger base pair opening angles between the T--A base pair right before the cleavage site, but the non-preferred complexes hadlower opening angle since they contained more hydrogen-bonded G--C base pairs, thus were presumably less prone to base pair opening and backbone conformational change ([Figure 6B](#fig6){ref-type="fig"}). Therefore, although the overall interactions between protein and DNA between the non-preferred and preferred complexes are similar (as listed in [Figure 3](#fig3){ref-type="fig"}), the DNA backbone is more distorted in the preferred complex. This structural difference could be the local structural determinant for preferential enzyme DNA cleavage.

Vvn has little sequence preference as regards DNA cleavage compared to ColE7. If conformational change in DNA backbone is an important factor for cleavage preference, a backbone distortion difference should not be identified between the two Vvn--DNA complexes with Vvn binding at *C*--G and *G*--A with similar cleavage rates of 27.8 and 23.2%, respectively. Indeed the superposition of the two Vvn--DNA complexes did not reveal any local phosphate backbone conformational difference between Vvn--DNA (8 bp) and Vvn--DNA(16 bp) ([Figure 5C](#fig5){ref-type="fig"}). Further analysis of backbone dihedral angles and base pair stacking parameters revealed no significant difference between the two complexes either ([Figure 6C](#fig6){ref-type="fig"}). The α and γ angles in the two Vvn--DNA complexes were within typical values of a B-form DNA, around −50° for α and 50° for γ, before and after the scissile phosphate. This result confirms our hypothesis that local DNA backbone conformational change is the structural determinant for sequence cleavage preference. Without an enzyme-induced conformational difference, little sequence preference for cleavage can be generated.

Comparison to site-specific DNA-binding proteins and restriction enzymes
------------------------------------------------------------------------

Most site-specific DNA-binding proteins interact not only at specific sites with high affinity but also nonspecific sites with appreciable affinity. It is believed that the nonspecific interactions play an important role in site-specific DNA-binding proteins searching for their target sites ([@b40]). What are the differences in the DNA recognition process between site-specific DNA-binding proteins and nonspecific endonucleases? Structure studies in solution of Lac repressor in complex with specific and nonspecific DNA sites have shown that several residues in Lac repressor which interact with the DNA backbone in the nonspecific complex, switch roles to interact with the DNA bases in the specific complex ([@b41]). As a result, the DNA in the nonspecific complex adopts a canonical straight B-DNA conformation, whereas in the specific complex it is bent by ∼36°. Moreover, the specific complex has 1400 Å^2^ excess of buried interface as compared to the nonspecific complex. However, for the nonspecific endonuclease ColE7, protein residues interact with DNA backbones in the preferred as well as non-preferred complexes and thus the overall protein and DNA conformations in the two complexes remain almost identical. This difference in protein--DNA interactions differentiates a site-specific DNA-binding protein from a nonspecific one. In other words, only the site-specific DNA-binding protein can interact with DNA bases when it is bound to its specific site and can induce a larger DNA conformational change, leading to better protein--DNA interactions.

As compared to the site-specific restriction enzymes, nonspecific endonucleases share dissimilar but also similar features in DNA recognition and cleavage. Restriction enzymes bind to nonspecific sites mostly by interacting with DNA backbones. When they bind to the specific sites, similar to site-specific DNA-binding proteins, restriction enzymes interact with both backbones and bases ([@b42],[@b43]). Crystal structure analyses of EcoRV and BamHI in complex with their specific and nonspecific DNA sequences have shown that the specific complexes contain larger protein--DNA interfaces (2173 Å versus 1370 Å in EcoRV; 4350 Å versus 1489 Å in BamHI), a more compact complex structure, and more direct interactions with bases ([@b44]--[@b46]). However, these structural differences are not observed for ColE7 in that neither protein conformational change nor excess buried interfaces were identified in the preferred complexes in this study as compared to the non-preferred complexes. Once again, the key difference that differentiates a nonspecific endonuclease from a site-specific one is that nonspecific endonucleases lack the ability to interact with DNA bases.

However, as with the restriction enzymes, nonspecific endonucleases appear to use a similar strategy in sequence-dependent cleavage. The extensive direct and indirect interactions between a restriction enzyme and its specific DNA trigger large conformational changes both in the enzyme and the DNA, with the result that the DNA usually becomes more kinked and the scissile phosphate moves closer to the enzyme active site ([@b42]). This is similar to what has been observed here in ColE7, that the scissile phosphate shifts closer to the active site only in the preferred complex. The distortion in the DNA backbone in the N-ColE7--DNA complex seen in this study is not as drastic as observed in restriction enzyme--DNA complexes; however, the small difference suffices for the enzyme to differentiate between preferred and non-preferred sites. Therefore, even though site-specific and nonspecific enzymes bind and interact with DNA in different ways, they discriminate between preferred and non-preferred sites for cleavage by a similar strategy of inducing DNA backbone conformational change.

In summary, nonspecific endonucleases cleave DNA with a preferred sequence context; we suggest here that a more distorted DNA backbone in the preferred enzyme--DNA complex leads to a closer distance between scissile phosphate and enzyme active site, resulting in preferential DNA cleavage. In the case of ColE7 which prefers to cleave after T or A, this is likely because the T--A base pair is more easily opened than G--C and the phosphate backbone can be deformed more easily by the rotation in α and γ dihedral angles in the phosphate ribose backbone. We conclude that nonspecific endonucleases prefer to cleave at sites where the DNA backbone can be deformed more easily by the enzyme.
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